the aim of the present study was to investigate the impact of dietary plant proteins on the gut microbiome of first feeding brown trout (Salmo trutta) reproduced from wild stocks and to evaluate whether the initial microbiome of brown trout fry can be permanently manipulated by the first feeding diet. Therefore, brown trout fry was fed diets based on either 0%, 50% or 90% plant-derived proteins from first feeding onwards and via 16S rRNA gene sequencing a strong dietary influence on the bacterial gut community on phylum and order level was detected. proteobacteria and Fusobacteria were significantly enhanced when fishmeal was integrated into the experimental diet, whereas plantderived proteins significantly promoted Firmicutes and Bacteroidetes. In order to evaluate whether the first feeding diet had a permanent effect on the initially established microbial gut community of juvenile brown trout, a cross-over diet-change was applied 61 days post first feeding. 48 days after the diet-change, the gut microbiome of all dietary groups was significantly different from the one initially established after first feeding. Moreover, the first feeding diet had no statistically significant influence on the gut microbiome after the diet-change, demonstrating no permanent effect on the gut microbiome formation.
sampling. For microbiome analysis, 150 fish were sampled in total. Fish were starved for 12 hours before sampling. Experimental animals were anaesthetized with MS222 (Tricaine methanesulfonate, E10521, Sigma-Aldrich Co. LLC.) and immediately killed by cutting the gill vein. Five animals from each of the three hatching troughs were sampled on day 61 pff (15 animals in total) and five animals from each aquarium (135 animals in total; 3 aquaria per treatment = 15 animals per treatment) were sampled on day 109 pff. The whole digestive tract was dissected on ice using sterile razor blades and instantly frozen at −80 °C. The growth performance of fish was monitored via dry and wet body weights during the course of the whole experiment and data were recently published and discussed in Michl et al. 20 .
DNA extraction. The Qiagen DNeasy ® Blood & Tissue DNA extraction kit was used according to the manufacturer's specifications to extract DNA from tissue samples. Digestive tract samples were thawed at 4 °C and homogenised (KT Miccra D9 homogenizer) on ice in 1 ml of a 5 mg ml −1 lysozyme (8259, Carl Roth) in TE-buffer solution (10 mM Tris-HCl, 1 mM EDTA) for 30 seconds. The homogenised solution was incubated for 30 min at 37 °C. Afterwards, the homogenate was gently vortexed and 80 µl were incubated for 60 min at 56 °C in 200 µl of lysis buffer AL (provided in the extraction kit), 20 µl Proteinase K and 100 µl PBS (Solution without Ca-Mg, 733-2296, VWR). After incubation, 200 µl ethanol (96-100%) was added and further extraction steps were performed according to the manufacturer's protocol for purification of total DNA from animal tissue. Two extra washing steps with the provided buffers AW1 and AW2 were included into the protocol, as well as an extra centrifugation step of 1 min at maximum speed before elution, according to recommendations by Qiagen. For purification, extracted DNA was incubated with RNase A (Qiagen) (1 mg ml −1 in DEPC water), pretreated by an inactivation of remaining microbial DNases at 70 °C for 15 min. The RNase A working solution was added to each sample to a final concentration of 100 µg ml −1 RNase A and incubated for 30 min at 60 °C. A final DNA clean-up step was performed using the NucleoSpin ® gDNA clean-up kit (Machery-Nagel) by following the manufacturer's protocol including all recommended steps. DNA concentrations after the clean-up step were measured via the NanoDrop TM UV-Vis Spectrophotometer (Thermo Fisher Scientific). Average concentrations were 41.8 ngµl −1 ± 47.0 (min 3.3 ngµl −1 , max 229.0 ngµl −1 , median 25.1 ngµl −1 ) with average 260/280 ratios of 2.05 ± 0.27 (min 1.80, max 3.32, median 1.96).
16S rRNA gene PCR amplification and sequencing. DNA amplification and sequencing were performed by PCR targeting the V6-V8 region of the 16S rRNA gene in a two-step-procedure, as it was difficult to amplify the 16S rRNA gene from brown trout gut samples.
Step one: the final PCR reaction volume was 20 µl including 4 µl 5X Phusion GC buffer, 0.6 µl concentrated DMSO, 0.4 µl dNTP ( Step two: an Illumina MiSeq platform was used to sequence the amplified 16S rRNA gene fragment at the Integrated Microbiome Resource lab (IMR) at Dalhousie University (Halifax, Canada) following the procedure described in detail by Comeau et al. 22 . The samples were multiplexed at equal volumes with custom 16S fusion primers. The fusion primers contained Illumina Nextera adapters and barcodes for dual-indexing at both the forward and reverse paired ends of the fragments. Amplifications were performed using two different dilutions (undiluted and 1:10). Bioinformatics. The analysis of raw sequences was performed with QIIME (Quantitative Insight Into Microbial Ecology) for the analysis of high-throughput community sequencing data 23 . The analysis was performed by following the steps of the 16S amplicon analysis procedure of the Integrated Microbiome Resource lab (IMR) 24 . First, several quality control steps were applied: forward and reverse reads were stiched using PEAR (Paired-end rEAd merger 25 ); low quality reads (<Q30 over 90% of length and minimum size of 400 bp) were removed with FASTX-Toolkit and BBMap; sequences with unidentified nucleotides, with mitochondrial and chloroplast DNA sequences 24 , and chimeric DNA molecules were removed (using UCHIME 26 ) . Second, open-reference OTU (Operational Taxonomic Units) picking was performed against the Greengenes reference database 27 using sortmerna and sumaclust for the de novo portion 28 . OTUs were grouped together based on 97% sequence identity. Low-confidence (i.e. MiSeq bleed-through) OTUs were subsequently removed, with the threshold for removing low confidence reads being set to 0.1%. This had been reported by Illumina to be the maximum of bleed-through reads on the Illumina MiSeq platform. The collection of sequences was rarefied to 1000 reads per sample, which had been suggested for gut samples by Hamady & Knight 29 and which allowed a sufficient number of samples from each tank to remain for statistical analysis. In total, 122 samples remained after the quality steps during the bioinformatics workflow and were incorporated into the final statistical analysis. Please see Table 2 for a summary of those samples.
statistics and sample size. The required number of fish necessary for this study was estimated based on a Monte-Carlo simulation in the statistical software R (version 3.4.1 30 ), and pre-approved by the animal welfare officer of the "Gesellschaft für Marine Aquakultur mbH" and the local authority of Schleswig-Holstein according to the German animal welfare law (TierSchG). Further, we estimated the statistical power and necessary sample size for finding significant differences in relative abundances of bacterial taxa between treatments based on an ANOVA, rather than assumed a priori variances of the data in the context of Nonmetric multidimensional scaling (NMDS) or Principal Component Analysis (PCA). From published data on the microbiome of juvenile rainbow trout 15 we hypothesized a difference in means of 0.67 with homoscedastic data. The simulation achieved a I  I  I  I II  III I II  III I II  III I II  III I II  III I II  III I II  III I II  III I II  III   No. of fish  5  3  4  3 4  3  4 5  3  5 4  5  5 4  1  4 4  3  4 4  4  5 5  5  5 3  4  4 5  5   Table 2 . Overview of the sample numbers used for final statistical analysis. Presented is the number of samples per treatment and replicate tank that remained after the quality steps during the QIIME workflow and were integrated into the final statistical analysis (one hatching trough per treatment on sampling day 61 pff and three replicate tanks per treatment on sampling day 109 pff). The experimental diets are X: 0% plant proteins, Y: 50% plant proteins, Z: 90% plant proteins.
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statistical power of 0.91 with a given sample size of n = 12 per treatment and a two-sided significance level of 0.05. These analyses led us to use 15 animals per treatment, in order to cover a potential loss of up to 20% of samples for microbiome analysis. The number of observed distinct OTUs was evaluated via rarefaction curves, the Chao1 richness estimator and the Shannon diversity index H' were calculated based on the OTU table generated during the QIIME workflow for estimating alpha diversity. Nonmetric multidimensional scaling (NMDS) was performed to graphically explore differences between bacterial communities on order level in relation to the dietary treatment or sampling day using the R package vegan 31 . Data was Hellinger-transformed and analysed by a Bray-Curtis dissimilarity matrix. The stress factor was calculated to estimate the representation of original data in the ordination space.
First, the impact of the experimental diets X, Y and Z on alpha diversity and the top-five bacterial phyla with the highest relative abundance during the first feeding period was tested with a statistical model based on generalized least squares 32 , with first-feeding diet considered as fixed factor. Based on a graphical residual analysis, data were assumed to be approximately normally distributed and to be heteroscedastic. An analysis of variances (ANOVA) was conducted and in order to compare the first-feeding diets, multiple contrast tests were performed 33 using the R package SimComp 34 .
Second, the impact of the nine feeding regimes on alpha diversity and the top-five phyla with the highest relative abundance at the end of the second feeding period was tested. A statistical mixed model was established 35, 36 with the 1 st Feeding Diet and the 2 nd Feeding Diet as well as their interaction term as fixed factors. The data were assumed to be approximately normally distributed and heteroscedastic. Aquaria were defined as random factor. Based on this model, an ANOVA was conducted, followed by multiple contrast tests in order to compare the levels of the fixed factors 37, 38 using the R package multcomp 39 . A nutritional programming effect of the intestinal microbiome was considered when all of the following three assumptions were met simultaneously: i) a significant effect of the 1 st Feeding Diet, ii) a non-significant effect of the 2 nd Feeding Diet and iii) a non-significant interaction of the 1 st and the 2 nd Feeding Diet. Data were pooled for the 1 st Feeding Diet, in case of a non-significant interaction only, and multiple contrast tests were rerun to compare only the three 2 nd Feeding Diets (X, Y and Z).
Third, statistical differences of alpha diversity indices and bacterial phyla between the two sampling points (61 and 109 dpff) were tested for the feeding regimes XX, YY and ZZ. A statistical mixed model was established with sampling day as fixed factor and tank as random factor. An ANOVA was conducted, followed by multiple contrast tests to compare the two sampling days as described previously 37, 39 .
Fourth, the impact of the experimental diets on the bacterial community structure during the first-feeding period was tested. Therefore, a Principal Component Analysis (PCA) was performed 40 with Hellinger-transformed bacterial order relative abundances. Order level was used as a compromise between a precise (necessary sequencing depth) and a robust statistical analysis. Those principal components (PC) from the PCA with the greatest influence on data variability were selected for further analysis by using the Broken-Stick-Criterion 41 . Based on the first two PCs, rotated data (i.e. pseudo-variables) were calculated and integrated into a multivariate model, established simultaneously for the two pseudo-variables. Based on this model, an ANOVA was performed. Multiple contrast tests for multiple endpoints were conducted in order to compare the experimental diets simultaneously for the two pseudo-variables 34, 42 .
Fifth, the impact of the nine feeding regimes on the bacterial community structure at the end of the second feeding period was evaluated. A PCA was performed with Hellinger-transformed relative abundance data on order level and the PCs with the highest influence on data variability were selected as described previously. The first six PCs represented 82% of the cumulative variance. Based on these six PCs, rotated data were calculated and integrated into a multivariate mixed model, established simultaneously for the six pseudo-variables. The 1 st Feeding Diet and the 2 nd Feeding Diet as well as their interaction term were considered as fixed factors, the tanks as random factor. Based on this model, an ANOVA was conducted. A nutritional programming effect was defined by the previously established assumptions. Finally, multiple contrast tests for multiple endpoints were performed to compare the levels of the fixed factors simultaneously for the six pseudo-variables 34, 42 .
Sixth, the first two PCs were further examined for the individual contribution of specific bacterial orders to the cumulative variance explained of each principal component. In case of a non-significant interaction of the first and the second feeding diet in the previous model, data were pooled for the first-feeding diet and multiple contrast tests as described before 34, 42 were performed to compare the three second feeding diets (X, Y and Z) simultaneously for the top-ten orders with the highest loadings on each of the two PCs, respectively for each PC. Thus, specific bacterial orders significantly promoted by a certain diet-type were identified.
Seventh, statistical differences of the bacterial community structure between the two sampling days (61 and 109 dpff) were evaluated for continuously fed fish (feeding regimes X and XX, Y and YY, Z and ZZ, respectively). PCA was performed for each of the three Hellinger-transformed data pairs and the first three PCs were selected as described before. Resulting pseudo-variables were integrated into a multivariate mixed model established simultaneously for the three pseudo-variables. The sampling day was integrated as fixed factor and tanks as random factor. An ANOVA was conducted, followed by multiple contrast tests for multiple endpoints to compare the two sampling points simultaneously for the three pseudo-variables as described before 34, 42 .
Results
Growth performance. The growth performance of individual fish was extensively monitored during the course of the experiment and results were presented in a companion study on digestive enzyme activity from the same experimental set up (Michl et al. 20 ). Wet body weights measured 61 days post first feeding were statistically equal between the treatment groups X, Y and Z. 109 days post first feeding, fish fed the 2 nd Feeding Diet X after the diet change had significantly higher wet body weights when compared to the 2 nd Feeding Diets Y and Z. The 1 st Feeding Diet Y promoted significantly higher wet body weights when compared to those achieved on diet X Scientific RepoRts | (2019) 9:2339 | https://doi.org/10.1038/s41598-019-38800-7
when fish were fed the 2 nd Feeding Diets X and Y. Trout continuously fed diet Z (treatment ZZ) had significantly reduced wet body weights compared to treatments XX and YY.
Alpha diversity. As it was difficult to amplify the 16S rRNA gene from Brown trout samples, sequences were rarefied to 1000 reads to make a compromise between the quality scores for the sequences and the fact that an appropriate number of samples remains for statistical analysis (see rarefaction curves; Supplementary Figure S1 ).For all individual fish Shannon diversity indices and Chao 1 richness estimators have been calculated. In Fig. 2a the only statistically significant difference between Shannon diversity indices can be observed between treatments ZX and ZY. The Chao1 richness estimator was also not generally affected by the diet type, except for the 1 st Feeding Diet Y. As can be seen in Fig. 2b , richness decreased significantly from day 61 pff to day 109 pff, when diets X or Y were fed during the second feeding period. The multivariate ANOVA revealed no significant interaction between the first and the second feeding diet for the two indices and hence data were pooled for the 1 st Feeding Diet. Overall, significantly decreased Shannon diversity indices were observed when diet X was fed as 2 nd Feeding Diet (P < 0.05).
Relative abundance of bacterial phyla. The most relative abundant phyla present in the GI tracts of fish were analysed with regard to dietary influences (see Supplementary Table S1 ). Figure 3 visualises the relative abundance of phyla that are present in at least 10% of all samples and accounting for at least 1% of all observed OTUs. For all treatments Proteobacteria and Firmicutes were the dominant phyla, followed by Bacteroidetes Table 2 for exact sample size). Significant differences between treatments are indicated by asterisks: P < 0.05 (*), P < 0.01 (**).
Figure 3.
Mean relative abundance of phyla in relation to the dietary treatment and feeding period. The graph shows the mean relative abundance in percent of phyla that are present in ≥10% of all samples and account for ≥1% of all phyla. Phyla that did not fulfil those conditions were combined into "Others". The data presented are means calculated from individual fish (one tank per treatment at the end of the first-feeding period (61 dpff); three tanks per treatment at the end of the second feeding period (109 dpff); please see Table 2 for exact sample size).
and Fusobacteria. The diet type had a significant influence on the relative abundance of most phyla, in contrast to the sampling point which is shown for the top-five most abundant phyla in Table 3 . Fusobacteria significantly decreased from the first to the second feeding period when diet Y was fed continuously, but significantly increased when diet Z was fed in both feeding periods. The largest difference between sampling points can be observed for Firmicutes in fish fed diet Z: the relative abundance increased from 8% at the end of the first feeding period to 51% at the end of the second feeding period. The diet change applied at the end of the first feeding period had a significant effect on the relative abundance of Proteobacteria and Firmicutes in fish of the 1 st Feeding Diet groups Y and Z. In fish of treatment X however, none of the phyla were affected by the diet change and remained relatively constant until the end of the second feeding period. The statistical analysis indicated no significant interaction between the first and the second feeding period, however, the results demonstrated that Proteobacteria were significantly enhanced when fishmeal was integrated into the second feeding diet (P < 0.01). The same findings can be observed for Fusobacteria (P < 0.01). Firmicutes, in contrast, were significantly promoted by plant proteins (P < 0.001), and so were Bacteroidetes (P < 0.05). The phylum Actinobacteria, however, was not affected by the diet type at all. In Fig. 3 it can be additionally observed that in fish of treatment Z the number of phyla and their relative abundance are higher compared to the treatments X and Y, which aligns well with the results of the diversity analysis presented in Fig. 2. shaping the gut microbiome. Nonmetric Multidimensional Scaling (NMDS) was performed to graphically explore the bacterial communities on order level between the different treatments and over the course of the experiment (Fig. 4) . The stress levels of all four NMDS plots are below 0.13, indicating a good representation of the original data. Figure 4a reveals that the microbiomes after the first feeding period of fish fed the fishmeal diet X and the mixed diet Y are similar, but the microbiome of fish fed the plant-based diet Z is different. Furthermore, it can be seen in Fig. 5b-d that the microbiomes of fish group by the second feeding diet after the diet change.
In general, data points representing fish fed the plant-based second feeding diet Z are more diffuse, compared to diets X and Y. The microbiomes of fish continuously fed either diet X or Y (Fig. 4a,b ) are very similar between day 61 pff and day 109 pff. However, the microbiomes of fish continuously fed diet Z alter from the first to the second feeding period (Fig. 4d) . The observed alterations in the microbial gut community were further statistically explored via Principal Component Analysis (PCA) and a subsequent multivariate ANOVA: At the end of the first feeding period the bacterial order composition was only significantly different between fish fed diets Y and Z (P = 0.003), which was probably affected by the small sample size as well. The ten bacterial orders with the highest influence on separating the two treatments were Vibrionales, Rhodobacterales, Lactobacillales, Clostridiales, Rhodospirillales, Rhizobiales, Verrumicrobiales, Fusobacteriales, Alteromonadales and Saprospirales (see Supplemental Table S1 ). At the end of the second feeding period neither a significant influence of the 1 st Feeding Diet on the bacterial order composition, nor a significant interaction between the 1 st and the 2 nd Feeding Diet could be detected, indicating no permanent effect of the 1 st Feeding Diet on the intestinal microbiome formation of trout fry. Nevertheless, the influence of the 2 nd Feeding Diet on the bacterial order composition was highly significant (P = 0.001), and thus data were pooled for the 1 st Feeding Diet for subsequent analysis. According to the PCA-ANOVA analysis the 2 nd Feeding Diet X was significantly separated from the other two diets by PC2 (P = 0.000; Table S1) and the 2 nd Feeding Diet Z was separated from X and Y by PC1 (P = 0.000). The analysis of the bacterial orders contributing Table 3 . The top five most abundant phyla in relation to the dietary treatment. The average relative abundance in percent of the top five most abundant phyla are presented (fish were sampled from one tank per treatment at the end of the first-feeding period (61 dpff); and from three tanks per treatment at the end of the second feeding period (109 dpff); please see Table 2 for exact sample size and Supplementary Table S1 for detailed information). a,b,c Statistically significant differences (P < 0.05) between first-feeding diets are indicated by lower case superscript letters. A,B,C Statistically significant differences (P < 0.05) between second feeding diets are indicated by upper case superscript letters, separate for each corresponding first-feeding diet. *Statistically significant differences (P < 0.05) between sampling points of continuously fed diets are indicated by superscript asterisks.
to the principal components indicated a strong influence of Vibrionales, Alteromonadales, Lactobacillales and Bifidobacteriales in separating fish fed the fishmeal diet X from the other diets. The plant-based diet Z in contrast is separated from the other diets by the relative abundance of Vibrionales, Lactobacillales, Alteromonadales, Clostridiales, Fusobacteriales and Saprospirales (amongst others). The relative abundance of those bacteria in relation to the dietary treatment is indicated in Fig. 5 by the size of objects. As can be seen in Fig. 5a the relative abundance of Vibrionales is significantly higher in fish fed the 2 nd Feeding Diet X compared to diet Y (P = 0.040; see Table S1 ) and diet Z (P = 0.000), and also significantly higher when fed diet Y compared to diet Z (P = 0.000).
In contrast, the relative abundance of Lactobacillales (Fig. 5b ) was significantly higher in fish fed the plant-based 2 nd Feeding Diet Z compared to diet X (P = 0.000), as well as when compared diet Y to diet X (P = 0.000).
Discussion
Diet-type shapes the gut microbiome of juvenile brown trout. The results of this experiment demonstrate that the inclusion of plant-based ingredients into first feeding diets for brown trout reproduced from wild stocks has a significant effect on the gut microbial composition. The inclusion levels of plant-proteins or fishmeal significantly enhanced specific phyla. This has already been demonstrated in previous studies with rainbow trout 12, 15, 16 and is corroborated here for brown trout. In the current experiment, Proteobacteria and Fusobacteria were significantly promoted by fishmeal present in the diet. Plant-based diets in contrast, significantly enhanced the relative abundance of Firmicutes and Bacteroidetes. The majority of bacteria found in the intestinal samples of brown trout are similar to phyla found in other salmonid species 43, 44 . Proteobacteria, Firmicutes, Bacteroidetes, Fusobacteria and Actinobacteria were the most abundant phyla in samples of all treatments. The most common bacteria found in this study is Photobacterium, which is a known intestinal bacterium of carnivorous fish 45 . It is known that Bacteroidetes ferment oligosaccharides from plant material 46 , although this is mainly the case for carp. Firmicutes also incorporate several groups of lactic acid bacteria (LAB) and fermentative processes. The relative abundance of Lactobacillales, for example, significantly separated the microbiomes of brown trout that were fed a diet including plant-based proteins from those ones fed exclusively fishmeal, which has also been observed in Atlantic salmon 13 . Bifidobacteriales, in addition, were found to be significantly enhanced in brown trout fed the plant-based diets Y and Z. It is known from humans that Bifidobacteria, belonging to the order Bifidobacteriales, can have several physiological effects, such as an additional source of vitamins which positively affects the immune system or -in contrast -the production of lipopolysaccharides which can induce inflammation 47 . However, in an in vitro-study with Atlantic salmon 48 it was demonstrated that lactic acid bacteria, isolated from the gut, can inhibit the growth of three important fish pathogens. Additionally, during the first feeding period the relative abundance of Verrucomicrobia was significantly increased in trout fry fed diet Z. Bacteria of this phylum are associated with fermentation processes 46 and have also been observed in Atlantic salmon fed soybean protein concentrate 49 . The present experimental setup is not sufficient to investigate the metabolic contribution of the fish microbiome; nevertheless, specific bacterial groups significantly associated with one of the three experimental diets can exhibit characteristic properties, which could interact with the digestive capacity of brown trout. From several investigations in fish 10 and in humans 47 it is known that metabolites excreted by the bacterial gut community extensively contribute to the host metabolism. These metabolites have several functions, for example inhibitory effects against colonising pathogens 50 , but also the secretion of digestive enzymes 10 .
The contribution of specific bacterial groups to the microbial community. NMDS analysis further demonstrates a separation of the intestinal microbiome by the three experimental diets. The bacterial communities of fish fed the mixed diet Y are always located between those of fish fed the fishmeal diet X and the plant-based diet Z. These results align well with previous results obtained with rainbow trout 16 and with those of a comparative study on bacterial communities from different freshwater species 51 : intestinal microbiomes of those species were significantly separated by trophic status (i.e. carnivorous, herbivorous, omnivorous, filter feeders). Furthermore, Principal Coordinate Analysis (PCoA) based on unweighted UniFrac distance matrix indicated a similar position of microbiomes from omnivorous fish between those from carnivorous and herbivorous individuals in the ordination space. Thus, it might be possible that the brown trout of the present study undergo a 'temporary' trophic shift evoked by the diet-type. It has additionally been hypothesised that the 1 st Feeding Diet would have a permanent effect on the subsequent bacterial community formation in guts of early brown trout fry. However, in the PCA-based analysis no permanent effects of the 1 st Feeding Diet on the intestinal microbiome were observed. Instead, fishmeal and plant-protein based diets again formed specific corresponding bacterial communities during every feeding period. In contrast to the continously fed diets X and Y, diet Z provoked a different gut microbial composition in brown trout between day 61 and day 109. As discussed in Michl et al. 20 the growth performance of trout continuously fed diet Z was significantly reduced compared to fish continuously fed diet X and Y, although growth performance was equal during the first feeding period. The impact on the intestinal microbiome might be the result of cumulative anti-nutritional effects formed over time and possibly related to the developmental status of the juvenile fish. Anti-nutritive effects also impact voluntary feed intake 52, 53 , which in turn provokes reduced intestinal passage time, and starvation periods can significantly affect the intestinal microbiome of fish 54 . In contrast, as demonstrated by the PCA-based analysis, the microbiomes of trout at the end of the second feeding period sigificantly cluster by the 2 nd Feeding Diet independent of the 1 st Feeding Diet. Thus, the discrepancy between the two sampling days might result from the early microbiome observed on day 61, which can also be seen in Fig. 3 . However, a comprehensive explanation of this finding based on our data remains speculative. Interestingly, the overall dietary effect on the intestinal microbiome is very strong, even though it is known that the host genetic background can substantially influence the bacterial composition 18 , and the experimental animals are offspring of wild fish. The results of the PCA compare well with overall findings. Moreover, the analysis strongly confirms the importance of individual bacterial groups on the formation of bacterial community structures. The orders Vibrionales, Lactobacillales, Clostridiales and Bifidobacteriales significantly separated the dietary groups according to the level of fishmeal or plant-based proteins included in the diets. As indicated already by the relative abundance of bacterial phyla, orders incorporating lactic acid producing bacteria, such as Lactobacillales and Bifidobacteriales, are mainly found in fish fed plant-based proteins, which matches earlier findings 55 . Vibrionales and Clostridiales on the other hand are relatively more abundant in fish fed fishmeal-containing diets; Vibrionales are Gammaproteobacteria, and it was found that Proteobacteria are the dominant phylum in all functional parts of the brown trout intestine when fed a commercial diet 56 . Enterobacteriaceae, Gammaproteobacteria as well, have been identified as the predominant family in the intestine of wild juvenile sea trout (Salmo trutta trutta) 57 .
Diversity of the intestinal microbiome. The diversity indices calculated for individual fish were investigated for dietary effects. From the results presented in Fig. 2 it is obvious that within a treatment the individual variance of diversity indices is very high and thus statistically significant differences difficult to measure. This high inter-individual variance could reflect the various genetic backgrounds and the unknown gender of brown trout fry reproduced from wild fish. It has been demonstrated for chicken that host genotype as well as host gender significantly influence the bacterial gut community 58 . Significant associations between the microbial community and the genetic variation of individuals have also been found in humans 59 . Furthermore, it was very difficult to amplify the 16S rRNA gene in brown trout samples of the present study and thus, the number of observed OTUs was not yet exhausted in several samples as could be concluded from the rarefaction curves. Holben et al. 60 compared the microbiomes of pen-raised salmon from Scotland and from Norway with wildly caught Scottish salmon, and Mycoplasma accounting for about 96% of all bacteria was identified from wild salmon and Acinetobacter for about 55% of the bacteria found in salmon of the Norwegian facility. In addition, Dehler et al. 61 observed poor PCR amplification results in several intestinal samples of Atlantic salmon parr, possibly due to PCR-inhibitors with three phyla accounting for more than 80% of all sequences in the remaining samples. As can be concluded from the Chao1 richness estimator in the present study ( Fig. 2b) , species richness changed not significantly with time and with the amount of fishmeal used in the second feeding diets. Additionally, the analysis of pooled data after the second feeding period of the current experiment revealed that Shannon diversity was significantly increased in gut samples of fish fed the plant-based diet compared to gut samples from individuals fed the fishmeal diet. Ley et al. 62 studied the co-evolution of mammals and their indigenous microbial communities and found an increasing bacterial diversity from carnivory to herbivory, which indicated a co-diversification of the intestinal microbiome with its host.
Conclusion
To the authors' knowledge, this is the first study providing insight into the effects of plant-based diets on the intestinal microbiome of juvenile brown trout reproduced from wild fish. The results confirm the strong influence of the feeding regime on the bacterial community structure in intestines of salmonids and demonstrate that the brown trout microbiome very well aligns with the bacterial communities found in other salmonid species. Similar to rainbow trout, for example, Proteobacteria, Firmicutes, Bacteroidetes, Fusobacteria and Actinobacteria were the dominant phyla of the brown trout gut microbiome. However, the feeding regime at first feeding induced no permanent shape of the bacterial community. After an applied diet-change, the microbiome formation proceeded again according to the fed diet-type, indicating a high plasticity of the microbiome towards dietary changes. Alpha diversity was not significantly affected by the inclusion of plant-derived proteins, but the general evenness was relatively low, indicating a high contribution of a few individual bacterial groups to the microbial community. It was also observed that certain bacterial groups associated with a specific teleost feeding strategy were significantly enhanced, when the typical diet was fed: Vibrionales and Clostridiales were associated with fishmeal diets, Lactobacillales and Bifidobacteriales with plant-based diets.
